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Magnetism and transport are two key functional ingredients in modern electronic de-
vices. In oxide heterostructures, ferroelectricity can provide a new route to control these
two properties via electrical operations, which is scientifically interesting and techno-
logically important. In this Brief Review, we will introduce recent progresses on this
fast developing research field. Several subtopics will be covered. First, the ferroelectric
polarization tuning of interfacial magnetism will be introduced, which includes the tun-
ing of magnetization, easy axis, magnetic phases, as well as exchange bias. Second, the
ferroelectric polarization tuning of transverse and tunneling transport will be reviewed.
Keywords: ferroelectricity; oxide heterostructures; ferroelectric field effect; tunnel junc-
tions.
1. Introduction
In modern electronic devices, magnetism and transport are two key functional prop-
erties. The information data are mostly stored as magnetic bits, while these informa-
tion bits are operated in semiconductor junctions with the on/off bistable transport.
There are several bottlenecks of these electronic devices. For example, although the
giant magnetoresistive effect and tunneling magnetoresistive effect have been suc-
cessfully applied in magnetic sensors to read magnetic bits, the writing of magnetic
bits still needs an electrical coil to generate a magnetic field, which limits the further
increasing of storage density and is not power-saving. Further, all semiconductor
junctions are electrical volatile, consuming too much energy and heating devices.
Magnetoelectric effect, which denotes the mutual coupling and cross control
between electric and magnetic orders, may provide an alternative way to utilize
the magnetic or transport properties of materials faster and more efficiently. A
straightforward expectation is to record non-volatile magnetic bits using pure elec-
tric voltage instead of electric current, which can make devices faster, smaller, more
stable, and energy-saving comparing with current ones.
∗All correspondence should be addressed to S.D.: sdong@seu.edu.cn
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Researches on magnetoelectricity took off more than half a century ago. The
magnetoelectric coupling was first predicted to occur in Cr2O3 in 1959
1 and was
experimentally observed in the early 1960s.2,3 However, the observed magneto-
electric coupling coefficient was very small, only about 10−14 Oecm2V−1. Other
single-phase magnetoelectric materials were subsequently discovered to show lin-
ear magnetoelectric coupling, such as Ti2O3,
4 GaFeO3.
5 Almost all these materials
show very poor performance on magnetoelectric coupling.
Since 2003, the breakthrough led by BiFeO3 and TbMnO3, has greatly pushed
forward the studies of single-phase multiferroic materials.6,7 Even though, till now,
few of them, except BiFeO3, has be utilized to fabricate devices, mostly due to
their poor performance. An unavoidable physical issue is that usually magnetism
and ferroelectricity are mutually excluded.8
As an alternative way, larger magnetoelectric coupling could be expected in
those composite systems involving strong ferroelectric and ferromagnetic mate-
rials. Indeed, the greatly enhanced magnetoelectric effect have been discovered
experimentally in some two-phase nano-composites, such as BaTiO3-CoFe2O4,
9
PbTiO3-CoFe2O4,
10 BiFeO3-CoFe2O4.
11,12 The magnetoelectric coefficient in these
composites can each 10−11 Oecm2V−1, which is about three orders of mag-
nitude higher than those aforementioned single phase magnetoelectric materi-
als. The strong magnetoelectric coupling in these heterostructures originates
from the collective interaction between the piezoelectric nature of the ferroelec-
tric phase (BaTiO3, PbTiO3 and BiFeO3) and the magnetostrictive nature of
the ferromagnetic phase (CoFe2O4). The similar mechanism has also been ex-
plored in the epitaxial La 2
3
Sr 1
3
MnO3/BaTiO3,
13 La 3
4
Sr 1
4
MnO3/PMN-PT
14 and
Pr0.5Ca0.5MnO3/PMN-PT
15 heterostructures. Such a strain-mediated magneto-
electric coupling even presents in macroscopic multilayers connected using glue-
water.16 In the present review, we will not introduce more on this strain-mediated
magnetoelectric coupling. Readers can find more details about magnetoelectric com-
posites in an excellent review by Nan et al..17
In additional to the intrinsic magnetoelectric effects in single-phase multifer-
roics and strain-mediated magnetoelectric coupling in two-phase composites, the
electronically driven interfacial magnetoelectric effects have also recently attracted
significant research interests for their novel physical mechanism and promising ap-
plications. In this Brief Review, we will focus on these interfacial magnetoelectric
effects. Some recent progresses on ferroelectric control of magnetism and transport
in oxide heterostructures will be introduced in the following.
2. Ferroelectric polarization tuning of interfacial magnetism
2.1. Surface magnetization from screening charge
From the viewpoint of symmetry, the magnetoelectricity breaks both the space-
inversion and time-reversal symmetry at the same time. Based on this point, ferro-
magnetic interfaces are promising candidates for realizing interfacial magnetoelec-
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tric effects, because the time-reversal symmetry is broken by the ferromagnetism
and the space-inversion symmetry is violated by the interface.
An early theoretical study by Duan et al.18 revealed the surface magnetoelec-
tric effect in pure ferromagnetic Fe (001), Ni (001), and Co (001) films. The effect
originates from the spin-dependent screening of the electric field which leads to
notable changes of the surface magnetization as well as the surface magnetocrys-
talline anisotropy. The charge screening is a normal effect in any metals. However,
when the screened metal is ferromagnetic, the screening charges are spin dependent
owing to the exchange splitting, namely, the majority- and minority-spin electrons
show different response to the external electric field, which induce an additional
surface magnetization. In order to quantify this magnetoelectric effect, a surface
magnetoelectric coefficient αs was introduced as:
αs =
µB
ec2
n↑ − n↓
n↑ + n↓
, (1)
where n↑ and n↓ are the surface spin-dependent density of states at the Fermi
energy. A linear contribution to the surface magnetization Msurf can be determined
by αs as follows:
µ0Msurf = αsE. (2)
Following the Eq. 1-2, the estimated magnetoelectric coefficients for Fe, Co and Ni
thin films were found to be very small, ∼ 10−14 Oecm2V−1, in the same order as
for Cr2O3. In addition, the predicted magnetoelectric coupling is confined to the
surface since the additional spin moments mainly dominate only at the surface of
films.
The magnetoelectric effect can be substantially magnified at the interface be-
tween a ferromagnetic film and a high-κ dielectric material. For a given electric
field, the screening charge in the metal is proportional to the dielectric constant
of adjacent dielectric material. Rondinelli et al.19 predicted a higher magnetoelec-
tric coefficient in the SrRuO3/SrTiO3 heterostructure. The calculated value of αs is
about 10−12 Oecm2V−1, which is higher by two orders of magnitude than the afore-
mentioned Fe films. The enhanced magnetoelectric effect is related to the high-κ
dielectric SrTiO3.
This electronically driven magnetoelectric effect can be further enhanced by in
ferromagnet/ferroelectric heterostructures. The ferroelectric polarization is equiva-
lent to surface charge at the interface. The surface charge density can be estimated
from the value of polarization, e.g. 10 µC/cm2 corresponds to 0.1 electron per unit
cell area if the qseudo-cubic lattice constant is ∼ 4 angstrom. In this sense, the
majority-spin and minority-spin densities of states at the interface can be signifi-
cantly changed to different levels by switching the ferroelectric polarization’s orien-
tation. Such a magnetoelectric effect was predicted in the SrRuO3/BaTiO3/SrRuO3
heterostructure.20 As a result of the ferroelectricity in BaTiO3, the magnetization
of SrRuO3 at two interfaces differs significantly. Fig. 1(a) shows the spin-polarized
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Fig. 1. (a) Spin-polarized local density of states projected onto Ru’s 3d orbitals at the right (solid
lines) and left (dashed lines) interfaces in the SrRuO3/BaTiO3 (001) heterostructure. The shaded
plots are the Ru’s 3d orbital density of states in the bulk. Reprinted figure with permission
granted from M. K. Niranjan et al., Appl. Phys. Lett. 95 (2009) 052501. Copyright c©(2009)
by the American Institute of Physical, http://dx.doi.org/10.1063/1.3193679. (b) The magnitude
of polarization-induced-magnetization for two Fe atoms per lateral unit cell vs distance from the
Fe/ferroelectric interface in the PbTiO3 (PTO) and BaTiO3 (BTO) based superlattices. Reprinted
figure with permission granted from J. Lee et al., Phys. Rev. B 81 (2010) 144425. Copyright
c©(2010) by the American Physical Society, http://dx.doi.org/10.1103/PhysRevB.81.144425.
density of states projected onto Ru’s 3d orbitals at the right and left interfaces. It
is clear that the exchange splitting is changed between these two interfaces, giving
rise to a modulation in the electron population of the two spin channels. The ob-
tained change of magnetic moment caused by the ferroelectric polarization reversal
is 0.31 µB per Ru per interface. Hence, the surface magnetoelectric coefficient can
be estimated using Eq. 2 by assuming a typical coercive field of BaTiO3, which
leads to a large αs ∼ 10−10 Oecm2V−1. The calculation also shows that the mag-
netoelectric coupling in this system displays a highly nonlinear dependence on the
magnitude of the ferroelectric polarization, which is different from the linear effect
in the aforementioned non-ferroelectric cases.18,19
Meanwhile, Cai et al.21 proposed a strategy to realize the room-temperature
magnetoelectric effect in a tri-component ferromagnet/ferroelectric/normal-metal
superlattice. Due to the broken inversion symmetry between the ferromag-
net/ferroelectric and normal-metal/ferroelectric interfaces, the additional mag-
netization caused by spin-dependent screening will accumulate at the ferromag-
net/ferroelectric interface and not be canceled by the depletion at the normal-
metal/ferroelectric interface. Therefore, large global magnetization can be induced
in this superlattice. Based on this model, Lee et al. predicted a robust magneto-
electric coupling in the Fe/BaTiO3/Pt and Fe/PbTiO3/Pt superlattices.
22 Fig. 1(b)
shows the polarization-induced-magnetization of Fe near the BaTiO3 and PbTiO3
interfaces for the positive/negative ferroelectric polarizations. The change of mag-
netic moments by switching the ferroelectric direction is significant and the induced
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Fig. 2. Orbital-resolved density of states for interfacial atoms in the Fe/BaTiO3 multilayers:
(a) Ti’s 3d, (b) Fe’s 3d. Majority- and minority-spin density of states are shown in the up-
per and lower panels, respectively. The shaded plots are the density of states of corresponding
atoms in the central monolayer which can be regarded as in bulk. (c-d) Minority-spin charge
density at the Fe/BaTiO3 interface for two opposite polarizations of BaTiO3. (c) Polariza-
tion up. (d) Polarization down. Reprinted figure with permission granted from C.-G. Duan et
al., Phys. Rev. Lett. 97 (2006) 047201. Copyright c©(2006) by the American Physical Society,
http://dx.doi.org/10.1103/PhysRevLett.97.047201.
moments decay rapidly away from the interface. The induced interfacial magne-
tization is much larger when using PbTiO3 than BaTiO3 since the former has a
larger spontaneous polarization. The estimated αs for Fe/BaTiO3/Pt reaches 10
−11
Oecm2V−1, which increases up to 10−9 Oecm2V−1 for Fe/PbTiO3/Pt. The magni-
tude of this charge-mediated magnetoelectric coupling exceeds the strain-mediated
magnetoelectric susceptibility observed in CoFe2O4/BiFeO3.
12
2.2. Interfacial bonding tuning magnetization
Besides above simple mechanism of spin-dependent screening, the interfacial bond-
ing may also play a crucial role for the magnetoelectric effect at the ferromag-
net/ferroelectric interfaces. For example, Duan et al.23 studied Fe/BaTiO3 multi-
layers as a model system. Their calculations show a large magnetoelectric effect
at the interface and the hybridization between Ti’s 3d and Fe’s 3d states at the
surface should be responsible for this effect. Fig. 2(a)-(b) show the orbital-resolved
local density of states for Ti’s 3d and Fe’s 3d bands. It is clearly that Ti’s 3d bands
hybridize strongly with Fe’s minority-spin 3d bands around the Fermi level. This
strong hybridization leads to the formation of bonding states, which are pushed
down in energy and peaked just below the Fermi level as indicated by arrows in
Fig. 2(a)-(b). The bonding states cause a larger occupation of Ti’s minority-spin
October 13, 2018 7:15 WSPC/INSTRUCTION FILE Control-final
6 Xin Huang and Shuai Dong
bands than that of the majority-spin ones, which results in a net magnetic moment
on Ti. The induced magnetic moment on Ti site is sensitive to the interfacial bond-
ing strength and can be controlled by switching the ferroelectric polarization of
BaTiO3, as shown in Fig. 2(c)-(d). When the polarization of BaTiO3 points toward
the interface, the Fe-Ti bond length becomes shorter, which strengthens the bond-
ing coupling and thus pushes the minority-spin bonding states down to even lower
in energy. As a result, the Ti’s minority-spin bands become more populated, giving
rise to a large magnetic moment on Ti. While the polarization points away from the
interface, the Fe-Ti bond length increases, and thus weakens the bonding coupling.
Then the minority-spin bonding states lie at higher energy, so it is less populated
and the Ti’s magnetic moment decreases. The difference of Ti’s magnetic moments
for these two opposite polarization directions reaches 0.22 µB , so the value of αs
is estimated to be 10−11 Oecm2V−1, which is on the same order of magnitude as
measured in those epitaxial nanostructures.12 First-principles calculations have re-
vealed that such an “interfacial bonding-driven” magnetoelectric effect also occurs
in many other heterostructures, including Fe3O4/BaTiO3,
24 Co2MnSi/BaTiO3,
25
Fe/PbTiO3
26,27 and Co/PbZrxTi1−xO3.28 Very recently, this predicted large mag-
netoelectric effect was observed at the Fe/BaTiO3 interface experimentally.
29
2.3. Tuning of magnetocrystalline anisotropy
The interfacial magnetoelectric effects involve not only electrically-controlled sur-
face (interfacial) magnetization, but also electrically-controlled magnetocrystalline
anisotropy. Since the magnetocrystalline anisotropy determines the preferential ori-
entation of magnetization, it may yield entirely new devices for magnetic data stor-
age if the magnetocrystalline anisotropy can be tuned by electric fields. Recently,
manipulation of magnetocrystalline anisotropy by applying an electric field has
been studied and achieved in many systems with ferromagnetic metallic interfaces
(surfaces)18,30–36 as well as at the interfaces (surfaces) of dilute magnetic semi-
conductors.37,38 In particular, Maruyama et al.35 obtained a significant change in
perpendicular magnetocrystalline anisotropy at the Fe/MgO (001) interface by an
electrical voltage, which reached up to 40% in energy difference for a relatively small
applied fields in the order of 100 mV/nm, as shown in Fig. 3(a). A significant change
of the hysteresis loop indicates a remarkable change of the perpendicular magnetic
anisotropy following the application of bias voltage. This effect is attributed to the
modulation of electron occupation of Fe’s 3d orbitals adjacent to the Fe/MgO inter-
face. The underlying physical origin of magnetocrystalline anisotropy, namely the
spin-orbit coupling, depends on the electronic structure of Fe. Therefore, a strong
modification of the surface magnetocrystalline anisotropy can be obtained by tun-
ing the electron density in Fe, as confirmed by first-principles calculations.18,31,32,39
Similar to aforementioned cases, since the electric field is applied across MgO with a
large dielectric constant, the magnetoelectric effect can be substantially enhanced.19
Very recently, electrically induced bistable magnetization switching was realized in
October 13, 2018 7:15 WSPC/INSTRUCTION FILE Control-final
Ferroelectric Control of Magnetism and Transport in Oxide Heterostructures 7
Fig. 3. (a) Magneto-optical Kerr ellipticity ηk for different applied voltages as a function of mag-
netic field. The right inset shows the voltage modulation response of the Kerr ellipticity, and
the left inset illustrates the magnetization direction at points A and B in the hysteresis curves.
Reprinted figure with permission granted from T. Maruyama et al., Nat. Nano. 4 (2009) 158.
Copyright c©(2009) by the Nature Publishing Group, http://dx.doi.org/10.1038/nnano.2008.406.
(b)-(c) Calculated charge density difference near the Fe atom at the Fe/BaTiO3 interface between
the direct and reverse polarization states in the BaTiO3/Fe4/Cu3 (001) multilayer system in (b)
the (100) plane and (c) the (010) plane. (d)-(e) Spin-resolved density of states projected to dif-
ferent d-orbitals of the interfacial Fe atoms for (d) the direct and (e) reverse polarization states.
Reprinted figure with permission granted from P. V. Lukashev et al., J. Phys.: Condens. Matter
24 (2012) 226003. Copyright c©(2012) by the Institute of Physics, http://dx.doi.org/10.1088/0953-
8984/24/22/226003.
magnetic tunnel junctions at room temperature.40,41
Alternatively, the interface magnetocrystalline anisotropy can be more efficiently
controlled by a ferroelectric polarization of an adjacent ferroelectric film. This ap-
proach may provide a bistable magnetization state directly coupled to the bistable
polarization state of the ferroelectric layer. The modulation of magnetocrystalline
anisotropy by the ferroelectric polarization was predicted by ab initio studies.42–47
For example, Lukashev et al.47 studied the effect of ferroelectric polarization of
BaTiO3 to the magnetic anisotropy of Fe. They considered a more realistic geom-
etry, which consists of BaTiO3/Fe4 multilayer instead of the monolayer Fe used
in previous studies.42,44 They found a large change (about 30%) in perpendicu-
lar interface magnetic anisotropy energy by reversing the ferroelectric polarization
of BaTiO3. The underlying physical mechanism can be understood by analyzing
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the charge density and spin-orbital-resolved density of states. First, as shown in
Fig. 3(b)-(c), a notable anisotropy is observed for the electron accumulation along
the [100] and [010] directions in the (001) plane. The induced charge density in
the [100] direction is larger than that in the [010] direction. Second, as shown in
Figs. 3(d)-(e), the largest contribution to the induced surface charge is from the
3dz2 orbitals while the in-plane orbital contribution is relatively small. Comparing
Figs. 3(d) and (e), a nearly rigid shift of the majority-spin 3dz2 ’s density of states
occurs, implying that the amount of the 3dz2 electrons is reduced when the po-
larization is reversed. Further, this redistribution of electron charge over Fe’s 3d
orbitals at the interface driven by the polarization reversal is responsible to the
change of magnetocrystalline anisotropy. As stated before, the magnetocrystalline
anisotropy is a result of spin-orbit coupling between the occupied valence bands
and unoccupied conducting bands. Thus the occupation of 3dz2 orbitals will affect
the spin-orbit coupling and magnetocrystalline anisotropy.23,31
In addition, other ferroelectric materials, like organic ferroelectrics, have also
been adopted to tune the magnetocrystalline anisotropy, such as poly (vinyli-
dene fluoride) PVDF/Co,48 PVDF/Fe,49 70% vinylidene fluoride with 30% tri-
fluoroethylene copolymer P(VDF-TrEE)/Co/Pd.50 In these heterostructures, sig-
nificant changes in magnetocrystalline anisotropy energy driven by the ferroelectric
polarization reversal have been found, some of which even reach up to 50%. These
results provide a new insight into the mechanism of the magnetoelectric coupling
at organic ferroelectric/ferromagnet interfaces.
These cutting-edge works give a significant step towards energy-efficient switch-
ing of magnetic elements and demonstrate the capabilities of electrical-control for
magnetic data storage applications.
2.4. Ferroelectric control of magnetic phases
In addition to above continuous tunings of magnetic properties, a more dramatic
magnetoelectric effect is predicted to occur at the surface of a magnetic correlated
electron systems, such as manganite La1−xAxMnO3 (A = Ca, Sr, or Ba). It is well
known that the correlated electronic materials show rich phase diagrams as a func-
tion of doped carrier concentration, which consist of plethoric competing phases
with different resistive, structures, as well as magnetic orders.51,52 In particular,
when the doping concentration is close to any phase boundaries, it would be possi-
ble to switch between two phases (e.g. ferromagnetic and antiferromagnetic) using
an external electric field and therefore induce a gigantic magnetoelectric effect.
Although the driven force is also based on the screening charge, the underlying
mechanism goes beyond the simple addition of spin-polarized carriers as in the
aforementioned simple ferromagnetic metals, which relies on charge-induced modi-
fication of the magnetic ground state.
Indeed, a dramatic magnetoelectric coupling has been predicted in
La1−xAxMnO3/BaTiO3 (001) system by the first-principles method.53 The
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adopted doping concentration x is 0.5 in their calculation, chosen to be near
the ferromagnetic-antiferromagnetic phase transition.51 The direction of BaTiO3
polarization is used to electrostatically modulate the hole-carrier density in
La0.5A0.5MnO3 and therefore to modulate the magnetism of La0.5A0.5MnO3 be-
tween ferromagnetic and antiferromagnetic at the interface, as shown in Fig. 4(a).
The origin of this interfacial magnetic reconstruction can be revealed by examining
the effects of polarization reversal on the electronic structure at the interface, as
shown in Fig. 4(b). When the polarization points away from the interface, there is
an apparent upward shift of the local density of states, implying the electron popu-
lation at the interface is reduced which corresponds to the hole charge accumulation
state. The opposite situation occurs when the polarization points to the interface,
leading to a downward shift of the local density of states and corresponding to the
hole depletion state. Hence, the interface layer acts as a magnetic switch to favor
either the antiferromagnetic state (hole accumulation) or the ferromagnetic state
(hole depletion) depending on the polarization’s orientation, which gives rise to a
large change in the magnetic moment and thus a large magnetoelectric effect.
Experimentally, this particular magnetoelectric coupling has been confirmed in
the La0.8Sr0.2MnO3/PbZr0.2Ti0.8O3 heterostructure.
54–56 Variation of the magnetic
hysteresis loop has been observed from the magneto-optical Kerr measurement,
responding to the PbZr0.2Ti0.8O3’s polarization switching, as shown in Fig. 4(e).
A larger coercivity and a smaller saturation magnetization are observed for the
accumulation state as compared to the depletion one. It is seen that the magnetic
reconstruction only occurs within a few atomic layers thickness near the interface,
while the rest La0.8Sr0.2MnO3 film sustains a robust ferromagnetic order during
the polarization switch,57–60 in consistent with the theoretical prediction.53
Besides the first-principles approach, a microscopic model based on the two-
orbital double-exchange has also been introduced to describe this ferroelectric
screening effect in manganites.61 The model simulation confirmed that the charge
accumulation/depletion near the interface can drive the interfacial phase transition,
which gives rise to a robust magnetoelectric response and bipolar resistive switch-
ing, in qualitative agreement with those density functional theory calculation.53
However, the interfacial magnetic phase is different between the density functional
theory calculation and model simulation: an uncompensated magnetic interfacial
layer is predicted in the former while a compensated one is suggested in the latter.
A recent experiment seems to support the compensated interfacial magnetism.62
Based on this model, Dong et al.63 proposed a design to pursuit the full con-
trol of magnetism by reversing ferroelectric polarization in a manganite bilayer-
ferroelectric superlattice. The design is sketched in Fig. 4(c). The asymmetric polar
interfaces: the n-type and p-type ones, are adopted. The n-type interface will at-
tract more electrons to its nearest-neighbour Mn layer, while the p-type interface
will repel electrons away from the interface. Therefore, even without the external
ferroelectricity, the asymmetric interfaces already modulate the electronic density
distribution and electrostatic potential within the manganite bilayers. When the
October 13, 2018 7:15 WSPC/INSTRUCTION FILE Control-final
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Fig. 4. (a) Electrically induced magnetic reconstruction at the La1−xAxMnO3/BaTiO3 inter-
face. The interfacial magnetic moments change from the ferromagnetism to A-type antiferromag-
netism as the ferroelectric polarization of BaTiO3 is reversed. (b) Spin-resolved local density
of states of the interfacial La0.5A0.5MnO3 unit cell, with the polarization pointing away from
(solid) and toward (dashed) the interface. Reprinted figure with permission granted from J. D.
Burton et al., Phys. Rev. B 80 (2009) 174406. Copyright c©(2009) by the American Physical So-
ciety, http://dx.doi.org/10.1103/PhysRevB.80.174406. (c) Sketch of the bilayer design. The n-/p-
type interfaces are indicated. Left/right are the −P/+P cases, with switched magnetic orders
(ferromagnetic/ferrimagnetic). (d) The eg density (spheres) and potential (bars) modulated by
asymmetric interfaces (bricks) and ferroelectric polarization P (arrows). Reprinted figure with per-
mission granted from S. Dong et al., Phys. Rev. B 88 (2013) 140404(R). Copyright c©(2013) by the
American Physical Society, http://dx.doi.org/10.1103/PhysRevB.88.140404. (e) A magnetoelec-
tric hysteresis loop at 100 K shows the magnetic response of the PbZr0.2Ti0.8O3/La0.8Sr0.2MnO3
system as a function of the applied electric field. Insets: the magnetic and electric states of
the La0.8Sr0.2MnO3 and PbZr0.2Ti0.8O3 layers, respectively. Reprinted figure with permission
granted from J. A. Molegraaf et al., Adv. Mater. 21 (2009) 3470. Copyright c©(2009) by the John
Wiley & Sons, Inc., http://dx.doi.org/10.1002/adma.200900278.
ferroelectric polarization points to the n-type interface (the +P case), the elec-
trostatic potential difference between the two MnO2 layers is further split, which
enhances the charge disproportion. In contrast, the electrostatic potential from the
polar interfaces will be partially or fully compensated when the ferroelectric polar-
ization points to the p-type interface (the −P case), which suppresses the electronic
disproportion, as shown in Fig. 4(d). Due to the largest interface/volume ratio (up
to 100%) for the bilayer structure, every manganite layer can be fully controlled by
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the ferroelectric polarization. A remarkable variation in total magnetization (up to
∼ 90%) tuned by ferroelectric is achieved.
2.5. Electrical-controllable exchange bias
The exchange bias effect is known to be associated with the exchange anisotropy
created at the interface between ferromagnetic and antiferromagnetic materials,64
where the exchange coupling gives rise to a shift of the magnetic hysteresis loop
away from the center of symmetry at zero magnetic field. The exchange bias effect
can be understood theoretically as induced by spin pinning effect at the ferro-
magnetic/antiferromagnetic interface. This effect has been widely used in a variety
of magnetic storage and sensor devices. Control of exchange bias using electrical
methods would provide a new path to control of magnetization.
The first demonstration of exchange bias controlled by electric field was reported
in [Co/Pt]/Cr2O3 (111) heterostructures.
65 The application of an electric field to
Cr2O3 can result in a net magnetization whose direction depends on the sign of the
electric field. Hence, the direction of exchange bias can be controlled by appropri-
ate electric fields. Subsequently, experimental studies of exchange bias were done
on a number of multiferroic materials, such as YMnO3
66,67 and BiFeO3.
68 Indeed,
Laukhin et al.69 observed a large increase of the exchange bias in the NiFe/YMnO3
heterostructure. However, due to the low magnetic ordering temperature of YMnO3,
the observed large effect only exists at very low temperatures. Fortunately, BiFeO3
brings hope since its superior properties can be extended to high temperatures. Chu
et al.70and Be´a et al.71 studied the FeCo/BiFeO3 and CoFeB/BiFeO3 heterostruc-
tures and found an apparent change in the exchange bias by tuning the electric filed
at room temperature, which were suggested to be linked closely with the particular
ferroelectric domain wall configuration in BiFeO3.
This electrical-controllable exchange bias was
also found in the BiFeO3/La0.7Sr0.3MnO3 heterostructures.
72,73 Fig. 5(a) shows
typical magnetic hysteresis loops of BiFeO3/La0.7Sr0.3MnO3 heterostructures, in
which there is a corresponding shift after the field cooling. This exchange bias shift
is due to the antiferromagnetic-ferromagnetic coupling since the shift is absent when
a thin SrTiO3 layer is inserted between the BiFeO3 and La0.7Sr0.3MnO3, as shown
in insert of Fig. 5(a). More exciting, the observed two distinct exchange-bias states
can be operated reversibly by switching the ferroelectric polarization of BiFeO3, as
shown in Fig. 5(b). It is clearly that the magnitude of exchange bias is modulated
by the electric field between a high value and a low one, which is accompanied with
the modulation of channel resistance as well as magnetic coercivity.74 Fig. 5(c)
sketches the progression of the magnetic moments in terms of the hysteresis loops.
As the magnetic field is swept [Fig. 5(d)(1-5)], a large number of interfacial spins
rotate with the magnetic field while a small fraction moments remain pinned, which
results in the high-coercivity and low exchange bias state. After applying a negative
voltage pulse to the gate and changing the ferroelectric polarization, the system is
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Fig. 5. (a) Magnetic hysteresis loops of BiFeO3/La0.7Sr0.3MnO3 heterostructures measured at 7
K after +/- 1 T field cooling from 350 K, respectively. The inset shows a magnetic hysteresis loop
for a BiFeO3/SrTiO3/La0.7Sr0.3MnO3 structure, without an exchange bias after field cooling.
(b) Electric-field control of exchange bias. The top panel: the gate-voltage-pulse sequence used
for the measurements. The middle and bottom panels: measurement of normalized exchange bias
and peak resistance for the gate-pulse sequence shown in the top panel. Reprinted figure with
permission granted from S. M. Wu et al., Nat. Mater. 9 (2010) 756. Copyright c©(2010) by the
Nature Publishing Group, http://dx.doi.org/10.1038/NMAT2803. (c) Magnetic hysteresis loops of
La0.7Sr0.3MnO3 before and after the ferroelectric polarization reversal of BiFeO3. The progression
of measurement is denoted by numbers and arrows as magnetic field is swept. (d) Depiction of
interfacial spins for each number in (c). Reprinted figure with permission granted from S. M. Wu
et al., Phys. Rev. Lett. 110 (2013) 067202. Copyright c©(2013) by the American Physical Society,
http://dx.doi.org/10.1103/PhysRevLett.110.067202.
now in a different state in which a large fraction of interfacial spins are pinned in the
antiferromagnetic layer, which results in the high magnitude of negative exchange
bias and low coercivity [Fig. 5(d)(6)].
Several possible mechanisms have been proposed to understand the exchange
bias effect. Extrinsic factors are often considered, such as interface roughness, spin
canting near the interface, frozen interfacial and domain pinning.75–79 While the
purely magnetic interactions framework stemming from traditional metallic mag-
netism appears incomplete to deal with the exchange bias effect unveiled in these
magnetic oxides heterostructures, Dong et al.80 proposed two (related) mechanisms
based on the Dzyaloshinskii-Moriya interaction and on the ferroelectric polariza-
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Fig. 6. (a) The relationship between the Mi-O-Mj bond, oxygen displacement and ~Dij vector.
(b) Sketch of the interface between ferromagnetic and G-type antiferromagnetic perovskites, in-
cluding the oxygen octahedral tilting. (c) The uniform ~hD should be perpendicular to ~S
AFM
and ~D. (d) Ferroelectric-polarization-driven asymmetric bond angles and modulated normal su-
perexchange couplings at the interface. Reprinted figure with permission granted from S. Dong et
al., Phys. Rev. Lett. 103 (2009) 127201. Copyright c©(2009) by the American Physical Society,
http://dx.doi.org/10.1103/PhysRevLett.103.127201.
tion, to understand the intrinsic exchange bias effect, in particular to understand the
exchange bias effect in ferromagnetic/G-type antiferromagnetic oxides heterostruc-
tures. The latter mechanism is only active in those heterostructures that involve
multiferroics. The spin-spin interaction in perovskites can be described by a sim-
plified Hamiltonian:
H =
∑
<ij>
[Jij ~Si · ~Sj + ~Dij · (~Si × ~Sj)], (3)
where Jij is the standard superexchange coupling between the nearest-neighbor
spins, ~Dij is the Dzyaloshinskii-Moriya interaction which arises from the spin-orbit
coupling. In perovskites, ~Dij is determined by the bending of the Mi-O-Mj bond
(M : metal cation) which is induced by the oxygen octahedral rotations and tilting.
Moreover, the vector is perpendicular to the Mi-O-Mj bond, as shown in Fig. 6(a).
Since the tilting and rotations are collective, the nearest-neighbor oxygens in the
same direction will move away from midpoint in opposite directions, namely, the
nearest-neighbor displacements are staggered, as shown in Fig. 6(c). Thus, the ~Dij
vectors between nearest-neighbor bonds along the same direction are also staggered.
It is noted that the spins in G-type antiferromagnetic SAFM are also staggered.
Combining these two staggered components ~Dij and ~S
AFM will give rise to a uniform
Dzyaloshinskii-Moriya effect at the interface, as shown in Fig. 6(c)-(d), which can
be described by an effective Hamiltonian:
H interfaceDM =
∑
<ij>
~Dij · (~SFMi × ~SAFMj ) = −~hD ·
∑
i
~SFMi , (4)
where ~hD = ~D× ~SAFMj can be regarded as the effective biased magnetic field which
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is fixed by the field-cooling process, then assumed to be frozen at low temperatures
during the hysteresis loop measurement.
Furthermore, if one component has a ferroelectric polarization which induces
a uniform displacement between cations and anions, the bond angles at the inter-
face become no longer symmetric. Since the magnitude of normal superexchange
coupling depends on the bond angle, the modulated bond angles induce staggered
interfacial superexchange couplings, which are denoted as JL and JS, as shown in
Fig. 6(d). Once again, the staggered superexchange couplings at the interface will
also induce a uniform bias field when in the presence of the G-type antiferromag-
netic spin order, which can be described by:
H interfaceDM =
∑
<ij>
~Jij · (~SFMi · ~SAFMj ) = −~hJ ·
∑
i
~SFMi , (5)
where ~hJ =
(JS−JL)
2
~SAFMj comes from the modulation of superexchange J .
This model emphasizes the interactions between the lattice distortion and mag-
netism rather than rely on the existence of uncompensated antiferromagnetic mo-
ments anymore, which are often used in other models. Next, using the first principles
theory, Dong et al. chose the SrRuO3/SrMnO3 system to verify these two proposals
for the exchange bias effect.81
3. Ferroelectric field effect transistors & tunnel junctions
3.1. Ferroelectric field effect transistors
Besides affecting the magnetic properties, ferroelectric can also tune the transport
properties. A ferroelectric field effect transistor, in analogy to the semiconductor
counterpart, is basically composed of a controlling gate and a conductive channel.
Here the gate is a ferroelectric film, while the channel is a metallic or semicon-
ductor film. The conductivity of channel can be switched on and off by tuning the
polarization of ferroelectric gate. As mentioned before, the magnetoelectric effect
is prominent in the aforementioned La0.8Sr0.2MnO3/PbZr0.2Ti0.8O3 system, which
originates from the charge-driven interfacial magnetic transition. Actually, there is
also apparent variation of the in-plane conductivity when switching the polariza-
tion direction of PbZr0.2Ti0.8O3.
55,56,60 The local carrier density at the interface
is different for two polarization directions (accumulation state vs depletion state),
which drives a large change of the resistivity of La0.8Sr0.2MnO3 film, as shown in
Fig. 7(a). The bare La0.8Sr0.2MnO3 film exhibits highly insulating behavior while
the La0.8Sr0.2MnO3/PbZr0.2Ti0.8O3 heterostructure exhibits a metallic behavior
over a wide range of temperature. The resistivity decreases by at least four orders
of magnitude at 70 K comparing with the bare La0.8Sr0.2MnO3 film, and the ferro-
magnetic Curie temperature is about 250 K. These prominent changes of transport
properties is due to the ferroelectric layer since the system with non-ferroelectric
capping layers (LaAlO3 and SrTiO3) show similar transport properties to the bare
La0.8Sr0.2MnO3 film. Fig. 7(b) shows the transport curves with/without external
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Fig. 7. (a) Transports properties of ultrathin La0.8Sr0.2MnO3 films with different capping lay-
ers. The ferromagnetic Curie temperatures are denoted by triangles. Reprinted figure with per-
mission granted from L. Jiang et al., Appl. Phys. Lett. 101 (2012) 042902. Copyright c©(2012)
by the American Institute of Physical, http://dx.doi.org/10.1063/1.4738784. (b) Resistivity as
a function of temperature for the accumulation (red) and depletion (black) states at zero and
at 50 kOe magnetic field. Reprinted figure with permission granted from C. A. F. Vaz et al.,
Phys. Rev. Lett. 104 (2010) 127202. Copyright c©(2010) by the American Physical Society,
http://dx.doi.org/10.1103/PhysRevLett.104.127202.
magnetic field for both the depletion and accumulation states of the La0.8Sr0.2MnO3
when switching the PbZr0.2Ti0.8O3 polarization. Significant changes of the resistiv-
ity value as well as the metal-insulator transition temperature are found.
3.2. Ferroelectric tunnel junctions
Electron tunneling is a quantum-mechanical effect, where electrons can traverse a
potential barrier that exceeds their kinetic energy. This phenomenon can be re-
alized in a tunnel junction that consists of two metal electrodes separated by a
nanometer-thick insulating barrier layer. Nowadays, significant interests in elec-
tron tunneling have been triggered by the applications of spintronics and numerous
useful electronic devices. For example, in a magnetic tunnel junction consisting of
two ferromagnetic metal layers separated by a thin insulating barrier, as shown in
Fig. 8(a),82 the tunnel current depends on the relative magnetization orientations
of two ferromagnetic electrodes, which is known as tunneling magnetoresistance ef-
fect.83 The room-temperature large and reproducible tunneling magnetoresistance
has been widely used in modern hard disks. In the following, we will introduce an-
other two tunnel junctions, namely, ferroelectric tunnel junctions and multiferroic
tunnel junctions, which have received enormous and continuous attentions recently.
Ferroelectric tunnel junctions take advantage of few-nanometer-thick ferroelec-
tric as the tunnel barrier, as schematically depicted in Fig. 8(b). The basic idea of
ferroelectric tunnel junctions was formulated in 1971 by Esaki.84 In the last two
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Fig. 8. Schematic view of tunnel junctions: (a) magnetic tunnel junction, (b) ferroelectric tunnel
junction, (c) multiferroic tunnel junction. Bottom panels show the resistance response of these
junctions to magnetic (H) and electric (E) fields. Different resistance states are demonstrated.
Reprinted figure with permission granted from J. P. Velev et al., Phil. Trans. R. Soc. A 369
(2011) 3069. Copyright c©(2011) by the Royal Society, http://dx.doi.org/10.1098/rsta.2010.0344.
decades, the progress of thin film technology made it realistic to fabricate ultrathin
ferroelectric films while keeping their ferroelectricity,85–91 which paved an exciting
path to ferroelectric tunnel junctions.
In ferroelectric tunnel junctions, ferroelectric possess the spontaneous electric
polarization that can be reversed by applying an external electric field, which may
lead to a change in tunneling current, known as the tunneling electroresistance ef-
fect. As shown in Fig. 9, Tsymbal has summarized three critical elements that affect
the interface transmission function and hence affect the tunneling electroresistance:
(a) the electrostatic potential across the junctions, (b) interface bonding strength,
and (c) strain associated with the piezoelectric response.92 The electrostatic effect
results from the incomplete screening of the polarization charges at the interface.
This leads to an electrostatic potential that superimposes the contact potential
in the tunnel junction, which can create an asymmetric potential profile with dif-
ferent electrodes. The interface effect comes from the ferroelectric displacements
at the boundary between ferroelectric and electrodes.93 The atomic displacements
will alter the orbital hybridizations at the interface as well as the transmission
through it.94,95 The strain effect originates from the piezoelectric effect existed in
all ferroelectrics. Distortions along the axis of junctions change the transport char-
acteristics of the barrier such as the barrier thickness and hence affect the tunneling
conductance.
Experimentally, very large tunneling electroresistance effects were observed in
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Fig. 9. Schematic diagram of a ferroelectric tunnel junction, which consists of two electrodes
separated by a nanometer-thick ferroelectric barrier layer. Egap is the energy gap. EF is the Fermi
energy, V is the applied voltage, Vc is the coercive voltage, t is the barrier thickness, and ∆t is the
thickness variation under an applied field. Mechanisms affecting tunneling in ferroelectric tunnel
junctions: (a) the electrostatic potential across the junctions, (b) interface bonding and (c) strain
effect associated with the piezoelectric response. Reprinted figure with permission granted from
E. Y. Tsymbal et al., Science 313 (2006) 181. Copyright c©(2006) by the American Association
for the Advancement of Science, http://dx.doi.org/10.1126/science.1126230.
BaTiO3
96–98 and Pb1−xZrxTiO399,100 ferroelectric thin films using scanning probe
techniques. The comparison of Fig. 10(a)-(b) is a perfect correspondence of the
spatial variation in tunnel currents to the polarization domains. It is clear seen
that the area with downward polarization shows high conductivity while the area
with upward polarization shows low conductivity. To further confirm the ferro-
electric polarization induced resistive switching, the tunneling current was exam-
ined following the gradual change of polarization direction in the same area, as
shown in Fig. 10(c)-(d). When the polarization direction undergoes reversal from
the downward to upward, the tunnel current show a transition from high to low.
Meanwhile, Garcia et al.97 revealed a giant electroresistance effect experimentally
in BaTiO3/La0.67Sr0.33MnO3 ferroelectric tunnel junctions. They found that the
resistance and the tunnel electroresistance effect ratio scales exponentially with
the ferroelectric film thickness, reaching ∼ 10000% and ∼ 75000% at 2 nm and 3
nm, respectively, as shown in Fig. 10(e)-(f). These experimental findings unambigu-
ously prove that the polarization can control the tunneling electroresistance effect,
supporting earlier theoretical predictions.101,102
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Fig. 10. (a-d) Tunneling electroresistance in BaTiO3/SrRuO3 ferroelectric tunnel junctions: (a)
piezoresponse force microscopy image of a polarization pattern, (b) the corresponding tunneling
current map measured by conducting atomic force microscopy. Spatially resolved correlation be-
tween (c) the onset of polarization reversal and (d) a change in electrical conductance. Blue: down-
ward polarization; yellow: upward polarization. Bright: high current; dark: low current. Reprinted
figure with permission granted from A. Gruverman et al., Nano Lett. 9 (2009) 3539. Copyright
c©(2009) by the American Chemistry Society, http://dx.doi.org/10.1021/nl901754t. (e-f) Observa-
tion of the giant tunneling electroresistance effect in ultrathin strained BaTiO3 film. The relation
between the thickness of BaTiO3 and (e) resistance, (f) tunneling electroresistance effect in un-
poled (red squares), and positively (black triangles) and negatively (blue circles) poled regions.
Reprinted figure with permission granted from V. Garcia et al., Nature 460 (2009) 81. Copyright
c©(2009) by the Nature Publishing Group, http://dx.doi.org/10.1038/nature08128.
3.3. Multiferroic tunnel junctions
When the magnetism of metallic electrodes is taken into account, the junctions
can be considered as multiferroic tunnel devices, as shown in Fig. 8(c), which own
the capability to control both the charge and spin tunneling via ferromagnetic and
ferroelectric components in tunnel junctions. It is noted that resistance of such
a multiferroic tunnel junction is significantly changed when the electric polariza-
tion of the barrier is reversed and/or when the magnetization of the electrodes is
switched from parallel to antiparallel, rendering a four-state resistance device that
the resistance can be controlled both by electric and magnetic fields.103
This four-state resistance was predicted in SrRuO3/BaTiO3/SrRuO3 multifer-
roic tunnel junctions with asymmetric interfaces by using the first-principles the-
ory.104 The tunneling magnetoresistance effect has the same origin as in ordinary
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Fig. 11. (a) Transmission in the two-dimensional Brillouin zone of the SrRuO3/BaTiO3/SrRuO3
multiferroic tunnel junctions. Calculated k||-resolved transmission across the multiferroic tun-
nel junctions for different polarization P of the barrier and magnetization M of the electrodes.
Reprinted figure with permission granted from J. P. Velev et al., Nano Lett. 9 (2009) 427. Copy-
right c©(2009) by the American Chemistry Society, http://dx.doi.org/10.1021/nl803318td. (b-
c) Magnetoresistive and electroresistive properties of Fe/BaTiO3/La0.67Sr0.33MnO3 multiferroic
tunnel junctions. (b) Resistance (top) and magnetic moment (bottom) as a function of the mag-
netic field. (c) I-V characteristics of the junction recorded at 4 K after poling the ferroelectric
BaTiO3 barrier up and down. Reprinted figure with permission granted from V. Garcia et al.,
Science 327 (2010) 1106. Copyright c©(2010) by the American Association for the Advancement
of Science, http://dx.doi.org/10.1126/science.1184028.
magnetic tunnel junctions. When the two electrodes are in the parallel magnetic
configuration, both spin channels (the majority-spin and minority-spin) contribute
to the conductance, while in the antiparallel magnetic configuration, the conduc-
tance is strongly suppressed, as in the tunneling magnetoresistance devices. The
tunneling electroresistance effect originates from the asymmetric interfaces. The
asymmetric interfaces creates different polarization profiles when the ferroelectric
polarization is switched. The transmission in the two-dimensional Brillouin zone of
the SrRuO3/BaTiO3/SrRuO3 multiferroic tunnel junction is shown in Fig. 11(a).
The apparent differences in the transmission demonstrate the four resistance states
can be controlled both by the electric and magnetic field.
Subsequently, the four-state resistance was realized experimentally.105–108
Fig. 11(b)-(c) show the magnetoresistive and electroresistive properties of
Fe/BaTiO3/La0.67Sr0.33MnO3 multiferroic tunnel junctions.
105 The tunneling mag-
netoresistance effect (∼ −17%) was achieved by tuning the magnetization directions
of Fe and La 2
3
Sr 1
3
MnO3. By applying short voltage pulses of 1 V, reversible changes
(∼ 30%) of the tunneling resistance was observed, which linked to the variation of
the barrier height. However, this multiferroic tunnel junctions can only work at
low temperatures and the observed magnetoresistance is much smaller than the
predicted value.104 Recently, Yin et al.107,109 studied the La0.7Ca0.3MnO3/(Ba,
Sr)TiO3 or La0.7Ca0.3MnO3/(Ba, Sr)TiO3 multiferroic tunnel junctions. Their mul-
tiferroic tunnel junctions also showed the four resistance states and an even large
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magnetoresistance effect (up to ∼ 300%) was found. In addition, their multiferroic
tunnel junctions may work at room temperature since (Ba, Sr)TiO3 can sustain
ferroelectricity up till room temperature.
By inserting a nanometer-thick La0.5Ca0.5MnO3 interlayer into one interface of
La0.7Ca0.3MnO3/BaTiO3 ferroelectric tunnel junctions, the tunneling electroresis-
tance ratio was enhanced up to ∼ 10000%.110 Here the La0.5Ca0.5MnO3 acts as a
magnetic supplementary of the ferroelectric barrier. In fact, Burton et al. demon-
strated that a magnetoelectric interaction between BaTiO3 and La1−xSrxMnO3
magnetic electrode can generate a giant tunneling electroresistance effect due to the
magnetic phase tuning of La1−xSrxMnO3.111 This idea have been realized exper-
imentally recently in La1−xSrxMnO3/PZT heterostructures.112 The ferroelectric-
induced phase modulation at the heterointerface ultimately results in an enhanced
electroresistance effect.
Another type of multiferroic tunnel junctions employs a single phase
multiferroic as the tunnel barrier. Gajek et al. first demonstrated a
La 2
3
Sr 1
3
MnO3/La0.1Bi0.9MnO3/Au multiferroic tunnel junctions in which the tun-
neling resistance was controlled by both electric and magnetic fields.113 In this
multiferroic tunnel junctions, the tunneling magnetoresistance effect arises from the
spin filtering effect and the tunneling electroresistance effect is related to the barrier
potential change when its polarization is reversed. The main problem of this type
multiferroic tunnel junctions is that the single phase multiferroic materials with
stable ferromagnetic and ferroelectric orders are rare, since most multiferroic mate-
rials show antiferromagnetism. Besides, most of single phase multiferroic materials
show low magnetic ordering temperatures. Despite low temperatures and low mag-
netoresistance in this type of multiferroic tunnel junctions, the discovery of four
logical states is indeed an important progress to design and realize the applications
of multiferroic tunnel junctions in the future.
4. Summary and Perspective
In this review, we have briefly introduced some recent theoretical and experimental
progresses on controlling the magnetism and transport in oxide heterostructures
via ferroelectric polarization. We mainly focused on the interfacial magnetoelec-
tric effects and magneto- and electro-resistance effects. Regarding the interfacial
magnetoelectric effects, there are several ways to tuning the interfacial magnetism,
including the magnitude of magnetization, easy axis, magnetic phases, as well as
exchange bias. For the transport effects, there are giant modulations of resistance
in ferroelectric or multiferroic junctions associated with polarization switching.
The magnetoelectric effects in oxide heterostructures are very attractive due
to both the fundamental scientific interests and promising technological potential.
These effects provide an alternative route to explore the fascinating physics of cor-
related electronic materials and open the door to access faster and energy-efficient
quantum electronic devices. In the current stage, there remain many scientific and
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technical issues to be solved, this fast developing field is full of challenges and
opportunities.
Acknowledgments
Work was supported by the Natural Science Foundation of China (grant Nos.
51322206 and 11274060) and the 973 Projects of China (grant No. 2011CB922101)
References
1. I. E. Dzyaloshinskii, Sov. Phys. JETP 10 (1959) 628.
2. D. N. Astrov, Sov. Phys. JETP 11 (1960) 708.
3. V. J. Folen, G. T. Rado and E. W. Stalder, Phys. Rev. Lett. 6 (1961) 607.
4. B. I. Alshin and D. N. Astrov, Sov. Phys. JETP 17 (1963) 809.
5. G. T. Rado, Phys. Rev. Lett. 13 (1964) 335.
6. J. Wang, J. B. Neaton, H. Zheng, V. Nagarajan, S. B. Ogale, B. Liu, D. Viehland,
V. Vaithyanathan, D. G. Schlom, U. V. Waghmare, N. A. Spaldin, K. M. Rabe,
M. Wuttig and R. Ramesh, Science 299 (2003) 1719.
7. T. Kimura, T. Goto, H. Shintani, K. Ishizaka, T. Arima and Y. Tokura, Nature
(London) 426 (2003) 55.
8. N. A. Hill, J. Phys. Chem. B 104 (2000) 6694.
9. H. Zheng, J. Wang, S. E. Lofland, Z. Ma, L. Mohaddes-Ardabili, T. Zhao,
L. Salamanca-Riba, S. R. Shinde, S. B. Ogale, F. Bai, D. Viehland, Y. Jia, D. G.
Schlom, M. Wutting, A. Roytburd and R. Ramesh, Science 303 (2004) 661.
10. J. H. Li, I. Levin, J. Slutsker, V. Provenzano, P. K. Schenck, R. Ramesh, J. Ouyang
and A. L. Roytburd, Appl. Phys. Lett. 87 (2005) 072909.
11. H. Zheng, F. Straub, Q. Zhan, P.-L. Yang, W.-K. Hsieh, F. Zavaliche, Y.-H. Chu,
U. Dahmen and R. Ramesh, Adv. Mater. 18 (2006) 2747.
12. F. Zavaliche, H. Zheng, L. Mohaddes-Ardabili, S. Y. Yang, Q. Zhan, P. Shafer,
E. Reilly, R. Chopdekar, Y. Jia, P. Wright, D. G. Schlom, Y. Suzuki and R. Ramesh,
Nano Lett. 5 (2005) 1793.
13. W. Eerenstein, M. Wiora, J. L. Prieto, J. F. Scott and N. D. Mathur, Nat. Mater.
6 (2007) 348.
14. R. K. Zheng, Y. Wang, H. L. W. Chan, C. L. Choy and H. S. Luo, Phys. Rev. B 75
(2007) 212102.
15. R. K. Zheng, C. Chao, H. L. W. Chan, C. L. Choy and H. S. Luo, Phys. Rev. B 75
(2007) 024110.
16. H. Yu, M. Zeng, Y. Wang, J. G. Wan and J.-M. Liu, Appl. Phys. Lett. 86 (2005)
032508.
17. C.-W. Nan, M. I. Bichurin, S. X. Dong, D. Viehland and G. Srinivasan, J. Appl.
Phys. 103 (2008) 031101.
18. C.-G. Duan, J. P. Velev, R. F. Sabirianov, Z. Zhu, J. Chu, S. S. Jaswal and E. Y.
Tsymbal, Phys. Rev. Lett. 101 (2008) 137201.
19. J. M. Rondinelli, M. Stengel and N. A. Spaldin, Nat. Nano. 3 (2008) 46.
20. M. K. Niranjan, J. D. Burton, J. P. Velev, S. S. Jaswal and E. Y. Tsymbal, Appl.
Phys. Lett. 95 (2009) 052501.
21. T. Y. Cai, S. Ju, J. W. Lee, N. Sai, A. A. Demkov, Q. Niu, Z. Y. Li, J. R. Shi and
E. Wang, Phys. Rev. B 80 (2009) 140415(R).
22. K.-W. Lee, V. Pardo and W. E. Pickett, Phys. Rev. B 78 (2008) 174502.
23. C.-G. Duan, S. S. Jaswal and E. Y. Tsymbal, Phys. Rev. Lett. 97 (2006) 047201.
October 13, 2018 7:15 WSPC/INSTRUCTION FILE Control-final
22 Xin Huang and Shuai Dong
24. M. K. Niranjan, J. P. Velev, C.-G. Duan, S. S. Jaswal and E. Y. Tsymbal, Phys.
Rev. B 78 (2008) 104405.
25. K. Yamauchi, B. Sanyal and S. Picozzi, Appl. Phys. Lett. 91 (2007) 062506.
26. M. Fechner, I. V. Maznichenko, S. Ostanin, A. Ernst, J. Henk, P. Bruno and I. Mertig,
Phys. Rev. B 78 (2008) 212406.
27. M. Fechner, I. V. Maznichenko, S. Ostanin, A. Ernst, J. Henk and I. Mertig, Phys.
Status Solid B 247 (2010) 1600.
28. V. S. Borisov, S. Ostanin, I. V. Maznichenko, A. Ernst and I. Mertig, Phys. Rev. B
89 (2014) 054436.
29. G. Radaelli, D. Petti, E. Plekhanov, I.Fina, P. Torelli, B. R. Salles, M. Cantoni,
C. Rinaldi, D. Gutie´rrez, G. Panaccione, M. Varela, S. Picozzi, J. Fontcuberta and
R. Bertacco, Nat. Commun. 5 (2014) 3404.
30. M. Tsujikawa and T. Oda, Phys. Rev. Lett. 102 (2009) 247203.
31. K. Nakamura, R. Shimabukuro, Y. F. T. Akiyama, T. Ito and A. J. Freeman, Phys.
Rev. Lett. 102 (2009) 187201.
32. M. K. Niranjan, C.-G. Duan, S. S. Jaswal and E. Y. Tsymbal, Appl. Phys. Lett. 96
(2010) 222504.
33. K. H. He, J. S. Chen and Y. P. Feng, Appl. Phys. Lett. 99 (2011) 072503.
34. M. Weisheit, S. Fa¨hler, A. Marty, Y. Souche, C. Poinsignon and D. Givord, Science
315 (2007) 349.
35. T. Maruyama, Y. Shiota, T. Nozaki, K. Ohta, N. Toda, M. Mizuguchi, A. A. Tula-
purkar, T. Shinjo, M. Shiraishi, S. Mizukami, Y. Ando and Y. Suzuki, Nat. Nano. 4
(2009) 158.
36. K. H. He, J. S. Chen and Y. P. Feng, Appl. Phys. Lett. 96 (2010) 022506.
37. K. Ohta, T. Maruyama, T. Nozaki, M. Shiraishi, T. Shinjo, Y. Suzuki, S.-S. Ha,
C.-Y. You and W. V. Roy, Appl. Phys. Lett. 94 (2009) 032501.
38. D. Chiba, M. Sawicki, Y. Nishitani, Y. Nakatani, F. Matsukura and H. Ohno, Nature
(London) 455 (2008) 515.
39. K. Nakamura, T. Akiyama, T. Ito, M. Weinert and A. J. Freeman, Phys. Rev. B 81
(2010) 220409(R).
40. W.-G. Wang, M. Li, S. Hageman and C. L. Chien, Nat. Mater. 11 (2012) 64.
41. Y. Shiota, T. Nozaki, F. Bonell, S. Murakami, T. Shinjo and Y. Suzuki, Nat. Mater.
11 (2012) 39.
42. C.-G. Duan, J. P. Velev, R. F. Sabirianov, W. N. Mei, S. S. Jaswal and E. Y. Tsymbal,
Appl. Phys. Lett. 92 (2008) 122905.
43. S. Sahoo, S. Polisetty, C.-G. Duan, S. S. Jaswal, E. Y. Tsymbal and C. Binek, Phys.
Rev. B 76 (2007) 092108.
44. Y. Choi, Y. Z. Yoo, O. Chmaissem, A. Ullah, S. Kolesnik, C. W. Kimball, D. Haskel,
J. S. Jiang and S. D. Bader, J. Appl. Phys. 103 (2008) 07B517.
45. M. Lee, H. Choi and Y.-C. Chung, J. Appl. Phys. 113 (2013) 17C729.
46. M. Fechner, P. Zahn, S. Ostanin, M. Bibes and I. Mertig, Phys. Rev. Lett. 108 (2012)
197206.
47. P. Lukashev, J. D. Burton, S. S. Jaswal and E. Y. Tsymbal, J. Phys.: Condens.
Matter 24 (2012) 226003.
48. P. V. Lukashev, T. R. Paudel, M. Lo´pez-Encarnacio´n, S. Adenwalla, E. Y. Tsymbal
and J. P. Velev, Acs Nano 6 (2012) 9745.
49. R.-Q. Wang, W.-J. Zhu, H.-C. Ding, S.-J. Gong and C.-G. Duan, J. Appl. Phys. 115
(2014) 043909.
50. A. Mardana, S. Ducharme and S. Adenwalla, Nano Lett. 11 (2011) 3862.
51. Y. Tokura, Rep. Prog. Phys. 69 (2006) 797.
October 13, 2018 7:15 WSPC/INSTRUCTION FILE Control-final
Ferroelectric Control of Magnetism and Transport in Oxide Heterostructures 23
52. Y. Tokura, ed., Colossal Magnetoresistive Oxides (London: Gordon and Breach Sci-
ence Publishers, 2000).
53. J. D. Burton and E. Y. Tsymbal, Phys. Rev. B 80 (2009) 174406.
54. H. J. A. Molegraaf, J. Hoffman, C. A. F. Vaz, S. Gariglio, D. van der Marel, C. H.
Ahn and J.-M. Triscone, Adv. Mater. 21 (2009) 3470.
55. C. A. F. Vaz, J. Hoffman, Y. Segal, J. W. Reiner, R. D. Grober, Z. Zhang, C. H.
Ahn and F. J. Walker, Phys. Rev. Lett. 104 (2010) 127202.
56. C. A. F. Vaz, Y. Segal, J. Hoffman, R. D. Grober, F. J. Walker and C. H. Ahn, Appl.
Phys. Lett. 97 (2010) 042506.
57. C. A. F. Vaz, J. Hoffman, Y. Segal, M. S. J. Marshall, J. W. Reiner, Z. Zhang, R. D.
Grober, F. J. Walker and C. H. Ahn, J. Appl. Phys. 109 (2011) 07D905.
58. D. Yi, J. Liu, S. Okamoto, S. Jagannatha, Y.-C. Chen, P. Yu, Y.-H. Chu, E. Arenholz
and R. Ramesh, Phys. Rev. Lett. 111 (2013) 127601.
59. H. Lu, T. A. George, Y. Wang, I. Ketsman, J. D. Burton, C.-W. Bark, S. Ryu, D. J.
Kim, J. Wang, C. Binek, P. A. Dowben, A. Sokolov, C.-B. Eom, E. Y. Tsymbal and
A. Gruverman, Appl. Phys. Lett. 100 (2012) 232904.
60. L. Jiang, W. S. Choi, H. Jeen, T. Egami and H. N. Lee, Appl. Phys. Lett. 101 (2012)
042902.
61. S. Dong, X. T. Zhang, R. Yu, J.-M. Liu and E. Dagotto, Phys. Rev. B 84 (2011)
155117.
62. X. Ma, A. Kumar, S. Dussan, H. Zhai, H. B. Zhao, J. F. Scott, R. S. Katiyar and
G. Lu¨pke, Appl. Phys. Lett. 104 (2014) 132905.
63. S. Dong and E. Dagotto, Phys. Rev. B 88 (2013) 140404(R).
64. J. Nogue´s and I. K. Schuller, J. Magn. Magn. Mater. 192 (1999) 203.
65. P. Borisov, A. Hochstrat, X. Chen, W. Kleemann and C. Binek, Phys. Rev. Lett. 94
(2005) 117203.
66. J. Dho, Y. N. Kim, Y. S. Hwang, J. C. Kim and N. H. Hur, Appl. Phys. Lett. 82
(2003) 1434.
67. X. Mart´ı, F. Sa´nchez, D. Hrabovsky, L. Fa`brega, A. Ruyter, J. Fontcuberta,
V. Laukhin, V. Skumryev, M. V. Garc´ıa-Cuenca, C. Ferrater, M. Varela, A. Vila`,
U. Lu¨ders and J. F. Bobo, Appl. Phys. Lett. 89 (2006) 032510.
68. J. Dho, X. Qi, H. Kim, J. L. MacManus-Driscoll and M. G. Blamire, Adv. Mater.
18 (2006) 1445.
69. V. Laukhin, V. Skumryev, X. Mart´ı, D. Hrabovsky, F. Sa´nchez, M. V. Garc´ıa-
Cuenca, C. Ferrater, M. Varela, U. Lu¨ders, J. F. Bobo and J. Fontcuberta, Phys.
Rev. Lett. 97 (2006) 227201.
70. Y.-H. Chu, L. W. Martin, M. B. Holcomb, M. Gajek, S.-J. Han, Q. He, N. Balke,
C.-H. Yang, D. Lee, W. Hu, Q. Zhan, P.-L. Yang, A. Fraile-Rodr´ıguez, A. Scholl,
S. X. Wang and R. Ramesh, Nat. Mater. 7 (2008) 478.
71. H. Be´a, M. Bibes, F. Ott, B. Dupe´, X.-H. Zhu, S. Petit, S. Fusil, C. Deranlot,
K. Bouzehouane and A. Barthe´le´my, Phys. Rev. Lett. 100 (2008) 017204.
72. S. W. Wu, S. A. Cybart, P. Yu, M. D. Rossell, J. X. Zhang, R. Ramesh and R. C.
Dynes, Nat. Mater. 9 (2010) 756.
73. P. Yu, J.-S. Lee, S. Okamoto, M. D. Rossell, M. Huijben, C.-H. Yang, Q. He, J. X.
Zhang, S. Y. Yang, M. J. Lee, Q. M. Ramasse, R. Erni, Y.-H. Chu, D. A. Arena,
C.-C. Kao, L. W. Martin and R. Ramesh, Phys. Rev. Lett. 105 (2010) 027201.
74. H. Wu, T. Burnus, Z. Hu, C. Martin, A. Maignan, J. C. Cezar, A. Tanaka, N. B.
Brookes, D. I. Khomskii and L. H. Tjeng, Phys. Rev. Lett. 102 (2009) 026404.
75. A. P. Malozemoff, Phys. Rev. B 35 (1987) R3679.
76. N. C. Koon, Phys. Rev. Lett. 78 (1997) 4865.
October 13, 2018 7:15 WSPC/INSTRUCTION FILE Control-final
24 Xin Huang and Shuai Dong
77. M. Kiwi, J. Mej´ıa-Lo´pez, R. D. Portugal and R. Ramı´rez, Appl. Phys. Lett. 75 (1999)
3995.
78. T. C. Schulthess and W. H. Butler, Phys. Rev. Lett. 81 (1998) 4516.
79. M. Kiwi, J. Magn. Magn. Mater. 234 (2001) 584.
80. S. Dong, K. Yamauchi, S. Yunoki, R. Yu, S. Liang, A. Moreo, J.-M. Liu, S. Picozzi
and E. Dagotto, Phys. Rev. Lett. 103 (2009) 127201.
81. S. Dong, Q. F. Zhang, S. Yunoki, J.-M. Liu and E. Dagotto, Phys. Rev. B 84 (2011)
224437.
82. J. P. Velev, S. S. Jaswal and E. Y. Tsymbal, Phil. Trans. R. Soc. A 369 (2011) 3069.
83. M. Julliere, Phys. Lett. A 54 (1975) 225.
84. L. Esaki, R. B. Laibowitz and P. J. Stiles, IBM Tech. Discl. Bull. 13 (1971) 2161.
85. A. V. Bune, V. M. Fridkin, S. Ducharme, L. M. Blinov, S. P. Palto, A. V. Sorokin,
S. G. Yudin and A. Zlatkin, Nature (London) 391 (1998) 874.
86. T. Tybell, C. H. Ahn and J.-M. Triscone, Appl. Phys. Lett. 75 (1999) 856.
87. D. D. Fong, G. B. Stephenson, S. K. Streiffer, J. A. Eastman, O. Auciello, P. H.
Fuoss and C. Thompson, Science 304 (2004) 1650.
88. J. Junquera and P. Ghosez, Nature (London) 422 (2003) 506.
89. D. A. Tenne, P. Turner, J. D. Schmidt, M. Biegalski, Y. L. Li, L. Q. Chen, A. Souki-
assian, S. Trolier-McKinstry, D. G. Schlom, X. X. Xi, D. D. Fong, P. H. Fuoss, J. A.
Eastman, G. B. Stephenson, C. Thompson and S. K. Streiffer, Phys. Rev. Lett. 103
(2009) 177601.
90. P. Maksymovych, M. Huijben, M. Pan, S. Jesse, N. Balke, Y.-H. Chu, H. J. Chang,
A. Y. Borisevich, A. P. Baddorf, G. Rijnders, D. H. Blank, R. Ramesh and S. V.
Kalinin, Phys. Rev. B 85 (2012) 014119.
91. D. A. Tenne, A. Bruchhausen, N. D. Lanzillotti-Kimura, A. Fainstein, R. S. Katiyar,
A. Cantarero, A. Soukiassian, V. Vaithyanathan, J. H. Haeni, W. Tian, D. G. Schlom,
K. J. Choi, D. M. Kim, C. B. Eom, H. P. Sun, X. Q. Pan, Y. L. Li, L. Q. Chen,
Q. X. Jia, S. M. Nakhmanson, K. M. Rabe and X. X. Xi, Science 313 (2006) 1614.
92. E. Y. Tsymbal and H. Kohlstedt, Science 313 (2006) 181.
93. D. D. Fong, C. Cionca, Y. Yacoby, G. B. Stephenson, J. A. Eastman, P. H. Fuoss,
S. K. Streiffer, C. Thompson, R. Clarke, R. Pindak and E. A. Stern, Phys. Rev. B
71 (2005) 144112.
94. J. P. Velev, C.-G. Duan, K. D. Belashchenko, S. S. Jaswal and E. Y. Tsymbal, Phys.
Rev. Lett. 98 (2007) 137201.
95. D. Wortmann and S. Blu¨gel .
96. A. Gruverman, D. Wu, H. Lu, Y. Wang, H. W. Jang, C. M. Folkman, M. Y. Zhu-
ravlev, D. Felker, M. Rzchowski, C.-B. Eom and E. Y. Tsymbal, Nano Lett. 9 (2009)
3539.
97. V. Garcia, S. Fusil, K. Bouzehouane, S. Enouz-Vedrenne, N. D. Mathur,
A. Barthe´le´my and M. Bibes, Nature (London) 460 (2009) 81.
98. A. Chanthbouala, A. Crassous, V. Garcia, K. Bouzehouane, S. Fusil, X. Moya, J. Al-
libe, B. Dlubak, J. Grollier, S. Xavier, C. Deranlot, A. Moshar, R. Proksch, N. D.
Mathur, M. Bibes and A. Barthe´le´my, Nat. Nano. 7 (2012) 101.
99. P. Maksymovych, S. Jesse, P. Yu, R. Ramesh, A. P. Baddorf and S. V. Kalinin,
Science 324 (2009) 1421.
100. D. Pantel, H. D. Lu, S. Goetze, P. Werner, D. J. Kim, A. Gruverman, D. Hesse and
M. Alexe, Appl. Phys. Lett. 100 (2012) 232902.
101. M. Y. Zhuravlev, R. F. Sabirianov, S. S. Jaswal and E. Y. Tsymbal, Phys. Rev. Lett.
94 (2005) 246802.
102. H. Kohlstedt, N. A. Pertsev, J. R. Contreras and R. Waser, Phys. Rev. B 72 (2005)
October 13, 2018 7:15 WSPC/INSTRUCTION FILE Control-final
Ferroelectric Control of Magnetism and Transport in Oxide Heterostructures 25
125341.
103. M. Y. Zhuravlev, S. S. Jaswal and E. Y. Tsymbal, Appl. Phys. Lett. 87 (2005)
222114.
104. J. P. Velev, C.-G. Duan, J. D. Burton, A. Smogunov, M. K. Niranjan, E. Tosatti,
S. S. Jaswal and E. Y. Tsymbal, Nano Lett. 9 (2009) 427.
105. V. Garcia, M. Bibes, L. Bocher, S. Valencia, F. Kronast, A. Crassous, X. Moya,
S. Enouz-Vedrenne, A. Gloter, D. Imhoff, C. Deranlot, N. D. Mathur, S. Fusil,
K. Bouzehouane and A. Barthe´le´my, Science 327 (2010) 1106.
106. M. Hambe, A. Petraru, N. A. Pertsev, P. Munroe, V. Nagarajan and H. Kohlstedt,
Adv. Funct. Mater. 20 (2010) 2436.
107. Y.-W. Yin, M. Raju, W.-J. Hu, X.-J. Weng, K. Zou, J. Zhu, X.-G. Li, Z.-D. Zhang
and Q. Li, Front. Phys. 7 (2012) 380.
108. D. Pantel, S. Goetze, D. Hesse and M. Alexe, Nat. Mater. 11 (2012) 289.
109. Y. W. Yin, M. Raju, W. J. Hu, X. J. Weng, X. G. Li and Q. Li, J. Appl. Phys. 109
(2011) 07D915.
110. Y. W. Yin, J. D. Burton, Y.-M. Kim, A. Y. Borisevich, S. J. Pennycook, S. M.
Yang, T. W. Noh, A. Gruverman, X. G. Li, E. Y. Tsymbal and Q. Li, Nat. Mater.
12 (2013) 397.
111. J. D. Burton and E. Y. Tsymbal, Phys. Rev. Lett. 106 (2011) 157203.
112. L. Jiang, W. S. Choi, H. Jeen, S. Dong, Y. Kim, M.-G. Han, Y. Zhu, S. Kalinin,
E. Dagotto, T. Egami and H. N. Lee, Nano Lett. 13 (2013) 5837.
113. M. Gajek, M. Bibes, S. Fusil, K. Bouzehouane, J. Fontcuberta, A. Barthe´le´my and
A. Fert, Nat. Mater. 6 (2007) 296.
